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(54) Method for manufacturing objects by selective sintering

(57) The application relates to methods for manufac-
turing an object from a powder by selective sintering.
More particularly, the methods described herein involve

the step of selecting a polymer wherein the density of the
crystalline phase of said polymer is equal to or lower than
the density of the amorphous phase of said polymer.
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Description

FIELD OF THE INVENTION

[0001] Described herein are methods for manufactur-
ing an object from a powder by selective sintering and
objects manufactured using such methods.

BACKGROUND OF THE INVENTION

[0002] Selective sintering is an additive manufacturing
or 3D printing technique that typically uses electromag-
netic radiation to fuse powders comprising polymers,
metals, ceramics, or glass into a mass that has a desired
three-dimensional shape. Typically selective sintering
techniques start from a digital representation of the 3D
object to be formed. Generally, the digital representation
is sliced into a series of cross-sectional layers which can
be overlaid to form the object as a whole. The selective
sintering apparatus uses this data for building the object
on a layer-by-layer basis. For example, a laser may se-
lectively fuse powdered material by scanning cross-sec-
tions generated from a 3D digital description of an object
(for example from a CAD file or scan data) on the surface
of a powder bed. Typically, after each cross-section is
scanned, the powder bed is lowered by one layer thick-
ness, a new layer of material is applied on top, and the
process is repeated until the object is completed. The
bulk powder material in the powder bed may be heated
to slightly below its melting point, to make it easier for
the laser to raise the temperature of the selected regions
the rest of the way to the melting point.
[0003] Selective sintering can produce parts from a rel-
atively wide range of commercially available powder ma-
terials, such as polymers, metals, and composites. Al-
though amorphous and semi-crystalline polymers are
both being used in selective sintering, semi-crystalline
polymers are preferred because the melting of semi-crys-
talline polymers typically takes place in a relatively nar-
row temperature range. This makes it possible to heat
the powder bed to a temperature close to the melt tem-
perature, without the risk of unwanted sintering of the
powder particles. The energy gap to be bridged with the
laser energy is hence minimal, and easier to control. Ac-
cordingly, semi-crystalline polymers such as polyamide
12 generally offer a better dimensional accuracy and re-
producibility in selective sintering than amorphous poly-
mers such as polycarbonate and polystyrene.
[0004] A further parameter which is considered partic-
ularly relevant to the accuracy and reproducibility of se-
lective sintering is the undercooling the polymer needs
or can afford to recrystallize from the molten state. This
is typically represented by ΔT, and may be measured by
calorimetry experiments such as DSC. ΔT can be defined
as the difference in melting temperature and the crystal-
lization temperature. It is generally accepted that that an
increased ΔT results in reduced deformation and curling
upon sintering, and therefore is desirable for robust sin-

tering.
[0005] In view of the above, conventionally there are
two main options to reduce problems due to curling and
distortion in selective sintering of polymer powders:

a) selecting a polymer with a large ΔT, for example
polyamide 12; and/or
b) optimizing the powder bed temperature.

However, for many applications there is a need of further
improvement of selected sintering.

SUMMARY OF THE INVENTION

[0006] Described herein are methods for manufactur-
ing an object from a powder by selective sintering, and
objects manufactured by said methods for manufactur-
ing. More particularly, the present application discloses
the use of semi-crystalline polymers wherein the density
of the crystalline phase of said polymer(s) is equal to or
lower than the density of the amorphous phase of said
polymer(s), in the manufacture of a 3D object by means
of selective sintering.
[0007] Accordingly, provided herein are methods for
manufacturing an object by selective sintering of a pow-
der, which methods comprise:

i) selecting at least one semi-crystalline polymer,
wherein the density of the crystalline phase of said
polymer is equal to or lower than the density of the
amorphous phase of said polymer upon crystalliza-
tion; and
ii) manufacturing said object from a powder by se-
lective sintering, wherein said powder comprises
said semi-crystalline polymer selected in step i).

In particular embodiments, the change in density upon
crystallization of said at least one semi-crystalline poly-
mer compensates at least part of the change in specific
volume or density of said polymer(s) upon cooling. In
certain embodiments, step i) of the method comprises:

ia) identifying the change in specific volume or den-
sity of one or more polymers upon crystallization; and
ib) selecting at least one semi-crystalline polymer
based on the information obtained in step ia), where-
in the density of the crystalline phase of said at least
one polymer is equal to or lower than the density of
the amorphous phase of said polymer upon crystal-
lization.

In particular embodiments, said powder is a composite
powder.
Further provided herein are three-dimensional objects
obtainable or obtained by selective sintering of a powder,
wherein said object comprises at least 30 w% of a semi-
crystalline polymer wherein the density of the crystalline
phase is lower than the density of the amorphous phase.
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Further provided herein is the use of a powder in the
manufacture of a 3D object by means of selective sinter-
ing of said powder, wherein said powder comprises at
least 30 w% of a semi-crystalline polymer wherein the
density of the crystalline phase is lower than the density
of the amorphous phase.
Further provided herein are methods for manufacturing
an object from a powder by selective sintering of a pow-
der, characterized in that said powder comprises a
semi-crystalline polymer wherein the density of the crys-
talline phase is lower than the density of the amorphous
phase.
In particular embodiments of the methods, object and
use provided herein, said semi-crystalline polymer is se-
lected from the list consisting of syndiotactic polystyrene
(sPS), poly(4-methyl-1-pentene) (P4MP), and syndiotac-
tic poly(p-methylstyrene).
In certain embodiments of the methods, and use provided
herein, said powder comprises at least 30 w% (percent
by weight) of said semi-crystalline polymer, preferably at
least 50 w% of said semi-crystalline polymer.
In certain embodiments of the methods, object and use
provided herein, the degree of crystallinity of said semi-
crystalline polymer is between 50 and 80%.
In particular embodiments, the methods described herein
may provide a broad process window compared to se-
lective sintering methods using conventional polymers
such as polyamide 12. In particular, the methods de-
scribed herein may allow for relatively low processing
temperatures (i.e. powder bed temperature), which can
reduce the thermal breakdown of the polymer, and may
ensure good recyclability of the obtained objects. The
above and other characteristics, features and advantag-
es of the present methods will become apparent from the
following detailed description, which illustrates, by way
of example, the principles of the disclosed methods.

DETAILED DESCRIPTION OF THE INVENTION

[0008] While potentially serving as a guide for under-
standing, any reference signs in the claims shall not be
construed as limiting the scope thereof.
As used herein, the singular forms "a", "an", and "the"
include both singular and plural referents unless the con-
text clearly dictates otherwise.
The terms "comprising", "comprises" and "comprised of"
as used herein are synonymous with "including", "in-
cludes" or "containing", "contains", and are inclusive or
open-ended and do not exclude additional, non-recited
members, elements or method steps. The terms "com-
prising", "comprises" and "comprised of" when referring
to recited components, elements or method steps also
include embodiments which "consist of" said recited com-
ponents, elements or method steps.
Furthermore, the terms first, second, third and the like in
the description and in the claims, are used for distinguish-
ing between similar elements and not necessarily for de-
scribing a sequential or chronological order, unless spec-

ified. It is to be understood that the terms so used are
interchangeable under appropriate circumstances and
that the embodiments described herein are capable of
operation in other sequences than described or illustrat-
ed herein.
The values as used herein when referring to a measur-
able value such as a parameter, an amount, a temporal
duration, and the like, is meant to encompass variations
of +/-10% or less, preferably +/-5% or less, more prefer-
ably +/-1% or less, and still more preferably +/-0.1% or
less of and from the specified value, insofar such varia-
tions are appropriate to ensure one or more of the tech-
nical effects envisaged herein. It is to be understood that
each value as used herein is itself also specifically, and
preferably, disclosed.
The recitation of numerical ranges by endpoints includes
all numbers and fractions subsumed within the respective
ranges, as well as the recited endpoints.
All documents cited in the present specification are here-
by incorporated by reference in their entirety.
Unless otherwise defined, all terms used in disclosing
the concepts described herein, including technical and
scientific terms, have the meaning as commonly under-
stood by one of ordinary skill in the art. By means of
further guidance, definitions for the terms used in the
description are included to better appreciate the teaching
of the present disclosure. The terms or definitions used
herein are provided solely to aid in the understanding of
the teachings provided herein.
[0009] As used herein, the term "selective sintering"
relates to an additive manufacturing process wherein a
three-dimensional (3D) object is fabricated a layer (lam-
ina) at a time, by depositing a first layer of powder over
an entire manufacturing area, stimulating the sections of
the manufacturing area that are part of the 3D object to
be constructed, thereby causing the powder on the stim-
ulated areas to sinter (fuse) and form a lamina. Upon
completion of this lamina a new layer of powder is de-
posited and the process is repeated until the object is
completely finished.
The term "polymer" as used herein refers to compounds
comprising at least ten repeating units, preferably at least
20 repeating units.
The term "semi-crystalline polymer" as used herein refers
to a polymer whose segments are partially crystallized
at room temperature, or in general at temperatures below
the crystallization temperature of the material. The term
"crystallized" when referring to polymers relates to a proc-
ess associated with partial alignment of the polymer’s
molecular chains. These chains fold together and form
ordered regions called lamellae, which typically compose
larger spheroidal structures named spherulites. Poly-
mers generally do not fully crystallize upon cooling from
the melt because of the entangled nature of polymers,
and may therefore comprise crystalline regions separat-
ed by amorphous regions. The term "semi-crystalline pol-
ymer" as used herein includes polymers with a degree
of crystallinity of at least 5%. The term "amorphous" as
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used herein refers to a degree of crystallinity of less than
5%.
As used herein, the term "degree of crystallinity" refers
to the degree of crystallinity as measured by DSC. DSC
provides a rapid method for determining polymer crys-
tallinity based on the heat required to melt the polymer.
The use of DSC to determine polymer crystallinity is
known in the art (see e.g. B Wunderlich, Thermal Anal-
ysis, Academic Press, 1990, pp. 417-431). Alternatively,
the degree of crystallinity can be determined using other
analysis methods, such as (wide angle) x-ray diffraction
and Nuclear Magnetic Resonance (NMR) (see e.g. S
Kavesh and JM Schultz, Meaning and Measurement of
Crystallinity in Polymers: A Review, Polymer Engineering
and Science 1969, 69, 452-460).
The term "polymorphous polymer" as used herein refers
to a polymer exhibiting polymorphism. Polymorphism
can be characterized as the ability of a particular com-
pound to crystallize in different crystal modifications
whilst maintaining the same chemical formula. Accord-
ingly, a polymorphous polymer may exist in more than
one crystal structure. Polymorphs of a given polymer are
chemically identical in containing the same atoms bond-
ed to one another in the same way, but differ in their
crystal modifications, which may affect one or more phys-
ical properties such as crystallization temperature, bulk
density, stability, flow properties, etc.
The term "density" as used herein refers to the mass
density of a material, and is defined as its mass per unit
volume. It is expressed in units of kilogram per cubic me-
ter (kg/m3) and is often represented by the symbol ρ (low-
er case Greek letter rho). The term "specific volume" as
used herein refers to the specific volume of a material,
and is the reciprocal of the density. Accordingly, the spe-
cific volume is defined as the material’s volume per unit
of mass, and is expressed in units of cubic meter per
kilogram (m3/kg). The specific volume is often represent-
ed by the symbol v (lower case Greek letter nu). The
density of a polymer powder may be measured via the
immersion method (solid polymers), liquid pyknometer
method (polymer powders), or titration method (solid pol-
ymers) for example according to the ISO 1183-1:2012
standard. Additionally or alternatively, the density of a
polymer may be measured via dilatometry and/or ther-
momechanical analysis (TMA).
The term "melting temperature" or "melting point" as used
herein generally refers to the temperature at which no
crystallinity can be detected by wide angle x-ray diffrac-
tion. Alternatively, the melting point may be determined
via DSC, for example according to the ISO 11357-3:2011
standard. The melting temperature is hereinafter also
represented by the symbol "Tm".
The term "glass transition temperature" as used herein
refers to the temperature at which an amorphous poly-
mer, or amorphous regions of a polymer is or are trans-
formed, in a reversible way, from a viscous or rubbery
condition to a hard and relatively brittle one. The glass
transition temperature may be determined via DSC, for

example according to the ISO 11357-2:1999 standard.
The glass transition temperature is hereinafter also rep-
resented by the symbol "Tg".
The temperature at which a polymer crystallizes will typ-
ically be between its melting temperature and the glass
transition temperature minus 50°C. The densities and
temperatures herein preferably refer to densities and
temperatures at a pressure of about 1 bar, for example
at atmospheric pressure. It should be understood, how-
ever, that any semi-crystalline polymer, regardless pres-
sure, wherein the density of the crystalline phase of said
polymer is equal to or lower than the density of the amor-
phous phase of said polymer, is envisioned by the current
methods describe herein.
The term "tacticity" as used herein refers to the spatial
arrangement of pendant groups in a polymer. For exam-
ple, a polymer is "atactic" when its pendant groups are
arranged in a random fashion on both sides of a hypo-
thetical plane through the polymer backbone (i.e. the
main chain of the polymer). In contrast, a polymer is "iso-
tactic" when its pendant groups are arranged on the same
side of the chain and "syndiotactic" when its pendant
groups alternate on opposite sides of the chain. Accord-
ingly, the term "syndiotactic" as used herein refers to pol-
ymers wherein the pendant groups alternate on opposite
sides of a hypothetical plane through the polymer back-
bone. In other words, syndiotactic polymers comprise a
stereo regular structure, more particularly, wherein the
corresponding chiral centers of adjacent monomers with-
in that polymer have alternating stereogenic configura-
tions. For example, in syndiotactic polystyrene, the phe-
nyl substituents alternate regularly above and below the
plane of the polymer backbone. As used herein, the term
"syndiotactic polymer" includes polymers includes poly-
styrene in which syndiotactic stereoregularity predomi-
nates, more particularly polymers having a stereoregular
structure of greater than 50 % syndiotacticity as deter-
mined by 13C NMR in terms of a racemic diad.
[0010] Reference throughout this specification to "one
embodiment" or "an embodiment" means that a particular
feature, structure or characteristic described in connec-
tion with the embodiment is included in at least one em-
bodiment envisaged herein. Thus, appearances of the
phrases "in one embodiment" or "in an embodiment" in
various places throughout this specification are not nec-
essarily all referring to the same embodiment, but may.
Furthermore, the particular features, structures or char-
acteristics may be combined in any suitable manner, as
would be apparent to a person skilled in the art from this
disclosure, in one or more embodiments. Furthermore,
while some embodiments described herein include some
but not other features included in other embodiments,
combinations of features of different embodiments are
also envisaged herein, and form different embodiments,
as would be understood by those in the art. For example,
in the appended claims, any of the features of the claimed
embodiments can be used in any combination.
[0011] Described herein are methods for manufactur-
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ing an object from a powder by selective sintering, where-
in the powder comprises a semi-crystalline polymer. Al-
though the methods are described herein with respect to
the manufacture of a 3D object by means of selective
sintering, these methods may, mutatis mutandis, also be
used for the manufacture of a 3D object by means of
fused deposition modeling. Fused deposition modeling
and related techniques make use of a temporary transi-
tion from a solid material to a liquid state, usually due to
heating. The material is driven through an extrusion noz-
zle in a controlled way and deposited in the required place
as described among others in U.S. Pat. No. 5.141.680.
[0012] As described above, conventionally the two
main options to reduce problems due to curling and dis-
tortion in selective sintering of polymer powders are:

a) selecting a polymer with a large ΔT, for example
polyamide 12; and/or
b) optimizing the powder bed temperature.

The methods described herein are based on the finding
that there is a further option to reduce curling and distor-
tion, more particularly the use of semi-crystalline poly-
mers wherein the change in specific volume or density
upon crystallization of said polymer is minimized. Partic-
ularly envisaged are polymers wherein the density of the
crystalline phase is equal to or lower than the density of
the amorphous phase. This is in contrast with conven-
tional methods using e.g. polyamide 12, wherein the den-
sity of the crystalline phase is higher than the density of
the amorphous phase.
The density of a semi-crystalline polymer can be derived
from the degree of crystallinity and the density of the crys-
talline and amorphous phases via: 

Herein xc and xa are the crystalline and amorphous frac-
tion, respectively, at temperature T. xc and xa are dimen-
sionless numbers ranging from 0 to 1, wherein the sum
of xc and xa is equal to 1. ρp(T), ρc(T), and ρa(T) are the
density of the semi-crystalline polymer, the density of the
crystalline fraction, and the density of the amorphous
fraction, respectively, at temperature T.
The relation between the density ρ of a given material
and the temperature T can be expressed as: 

wherein ΔT = T-T0, and wherein α is the thermal expan-
sion coefficient (expressed in units of 1/T). α typically is
temperature-dependent itself, but may be considered
constant over small temperature intervals. In a given
semi-crystalline polymer, the thermal expansion coeffi-

cient of the crystalline phase may be different from the
thermal expansion coefficient of the amorphous phase.
Typically, the density of a polymer increases as the tem-
perature decreases. This phenomenon is also known as
"thermal contraction", and can lead to curling and defor-
mation of objects obtained by selective sintering of pol-
ymer powders.
In the (relatively slow) process of polymer crystallization,
the crystalline fraction xc increases. Consequently, the
change in density of the semi-crystalline polymer upon
cooling depends on the absolute difference between the
density of the crystalline phase and the density of the
amorphous phase, and on the thermal expansion coef-
ficient α of both the crystalline and amorphous fraction.
It has been found that in some polymers, more particu-
larly in polymers wherein the density of the crystalline
phase is equal to or lower than the density of the amor-
phous phase at crystallization, minimizing this change in
density upon crystallization reduces curling and defor-
mation in selective sintering processes. Indeed, unlike
polymers such as polyamide 12, polymers of which the
density of the amorphous phase is equal to the density
of the crystalline phase do not exhibit a sudden or dis-
continuous change in density upon crystallization. Addi-
tionally, any change in density during crystallization (e.g.
expansion) can at least partially compensate for any
change in density (contraction) upon cooling.
Accordingly, described herein are methods for manufac-
turing an object from a powder by selective sintering,
characterized in that said powder comprises a semi-
crystalline polymer wherein the density of the crystalline
phase of said polymer is equal to or lower than the density
of the amorphous phase of said polymer. More particu-
larly, described herein is a method for manufacturing an
object by selective sintering of a powder, said method
comprising:

i) selecting at least one semi-crystalline polymer,
wherein the density of the crystalline phase of said
polymer is equal to or lower than the density of the
amorphous phase of said polymer upon crystalliza-
tion; and
ii) manufacturing said object from a powder by se-
lective sintering, wherein said powder comprises
said one or more semi-crystalline polymers selected
in step i).

This will be explained more in detail herein below.
[0013] In step i) of the method described herein, at least
one or semi-crystalline polymer is selected, hereinafter
also referred to as "the semi-crystalline polymer" or "the
polymer". Although the polymer is referred to using a sin-
gular noun, it is envisaged that in particular embodi-
ments, two or more semi-crystalline polymers are select-
ed, having one or more of the characteristics as described
herein. The degree of crystallinity of the semi-crystalline
polymer is at least 5%. In certain embodiments, the de-
gree of crystallinity of the semi-crystalline polymer is
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higher than 10%. In particular embodiments, the degree
of crystallinity of the semi-crystalline polymer ranges be-
tween 20 and 90%. In particular embodiments, the de-
gree of crystallinity ranges between 40 and 80%. In fur-
ther embodiments, the degree of crystallinity ranges be-
tween 50 and 80%.
[0014] The semi-crystalline polymer selected in step i)
is characterized in that the density of the crystalline
phase of the polymer is equal to or lower than the density
of the amorphous phase of the polymer upon crystalliza-
tion. In other words, the specific volume (i.e. the ratio of
the polymer volume to its mass) of the crystalline phase
of the polymer is equal to or higher than the specific vol-
ume of its amorphous phase.
This requirement is considered met if there is at least one
temperature at which the density of the crystalline phase
of the polymer is equal to or lower than the density of the
amorphous phase of the polymer upon crystallization.
Preferably, this temperature is a temperature at which a
transition from the amorphous phase to the crystalline
phase can occur. The temperature at which such transi-
tion can occur may depend on various parameters, but
will typically range between Tg - 50°C and Tm.
Accordingly, in particular embodiments, the density of
the crystalline phase of the polymer is equal to or lower
than the density of the amorphous phase of the polymer
upon crystallization, at one or more temperatures be-
tween Tg -50°C and Tm, preferably at one or more tem-
peratures between Tg and Tm.
[0015] The methods envisaged herein in particular em-
bodiments encompass identifying or determining the
change in density of one or more polymers upon crystal-
lization. One or more semi-crystalline polymers may then
be selected wherein the density of the crystalline phase
of said polymer is equal to or lower than the density of
the amorphous phase of said polymer upon crystalliza-
tion. Accordingly, in particular embodiments, step i) of
the methods described herein may comprise:

ia) identifying the change in specific volume or den-
sity of one or more polymers upon crystallization; and
ib) selecting a semi-crystalline polymer based on the
information obtained in step ia), wherein the density
of the crystalline phase of said polymer is equal to
or lower than the density of the amorphous phase of
said polymer upon crystallization.

In certain embodiments, the methods described herein
may further comprise identifying or determining the
change in specific volume or density of said one or more
polymers upon cooling from melting point to a tempera-
ture of interest and determining to what extent the change
in specific volume or density upon crystallization of said
polymer compensates the change in specific volume or
density of said polymer upon cooling. In particular em-
bodiments, the temperature of interest is room temper-
ature, e.g. about 20 to 25°COne or more semi-crystalline
polymers may then be selected based on whether the

change in density upon crystallization of the selected
semi-crystalline polymer compensates at least part of the
change in density of said semi-crystalline polymer upon
cooling. Accordingly, in particular embodiments, step i)
of the methods described herein may comprise:

iA) identifying the change in specific volume or den-
sity of one or more polymers upon crystallization,
and identifying the change in specific volume or den-
sity of said one or more polymers upon cooling from
melting point to a temperature of interest; and
iB) selecting a semi-crystalline polymer based on the
information obtained in steps i) and ii), wherein the
density of the crystalline phase of said polymer is
lower than the density of the amorphous phase of
said polymer upon crystallization; wherein the
change in specific volume or density upon crystalli-
zation of said polymer compensates at least part of
the change in specific volume or density of said pol-
ymer upon cooling.

In particular embodiments, the polymer is selected in step
iB) if the change in density upon crystallization compen-
sates at least 5%, more preferably at least 10%, at least
15%, at least 20%, at least 25% or at least 30% of the
change in density upon cooling. Thus in particular em-
bodiments, the invention provides methods of for manu-
facturing an object by selective sintering of a powder,
wherein the powder comprises a semi-crystalline poly-
mer which is characterized in that the change in density
upon crystallization compensates at least 5%, at least
10%, at least 15%, at least 20%, at least 25%, or at least
30% of the change in density upon cooling.
[0016] Step ia) or iA) may comprise obtaining the rel-
evant specific volumes or densities from one or more
databases, and/or may comprise actual measurement of
the (change in) specific volume. The (change in) specific
volume may be measured via dilatometry and/or TMA.
These measurements may be combined with methods
for determining the degree of crystallinity of the polymer,
such as wide angle x-ray diffraction.
[0017] Suitable semi-crystalline polymers may include
polymorphous polymers, wherein the density of the crys-
talline phase of the semi-crystalline polymer in at least
one possible crystal structure is equal to or lower than
the density of its amorphous phase. In particular embod-
iments, the density of the crystalline phase of the semi-
crystalline polymer in all possible crystal structures is
equal to or lower than the density of its amorphous phase.
However, it is also envisaged that in particular embodi-
ments, the semi-crystalline polymer is not a polymor-
phous polymer.
[0018] Polymers which are considered particularly
suitable for use in the method described herein include,
but are not limited to syndiotactic polystyrene (sPS), po-
ly(4-methyl-1-pentene) (P4MP) and syndiotactic po-
ly(para-methylstyrene) (s-PpMS). Accordingly, in partic-
ular embodiments, the selected semi-crystalline polymer
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described herein comprises a polymer selected from the
list consisting of sPS, P4MP, and s-PpMS.
[0019] In particular embodiments, the semi-crystalline
polymer comprises sPS. Polystyrene may be represent-
ed by formula (I)

wherein n1 denotes the degree of polymerization. The
phenyl group is pendant to the polymer backbone. In syn-
diotactic polystyrene, the phenyl groups which are pen-
dent from the polymer backbone alternate with respect
to which side of the polymer backbone the phenyl group
is pendent. In other words, every other phenyl group is
on the same side of the polymer backbone. In contrast,
standard polystyrene is referred to as atactic, meaning
it has no stereoregularity; the placement of the phenyl
groups with respect to each side of the polymer backbone
is random, irregular, and follows no pattern. Syndiotactic
polystyrene may be prepared by methods well known in
the art, for example as described in U.S. Patent
4,680,353.
The term "syndiotactic polystyrene" as used herein in-
cludes polystyrene in which syndiotactic stereoregularity
predominates. More particularly syndiotactic polystyrene
as refers to polystyrene having a stereoregular structure
of greater than 50 percent syndiotacticity as determined
by 13C NMR in terms of a racemic diad. In particular em-
bodiments, the syndiotactic polystyrene has a syndiotac-
ticity of at least 75%, and preferably at least 85%, as
determined by 13C NMR in terms of a racemic diad. In
certain embodiments, the syndiotactic polystyrene has a
syndiotacticity of at least 30%, and preferably at least
50%, as determined by 13C NMR in terms of a racemic
pentad.
With polystyrene herein it is meant a polystyrene com-
prising at least 50w% of styrene monomers. The poly-
styrene may comprise up to 50 w% of comonomers. In
embodiments wherein the polystyrene is a copolymer,
the copolymer preferably is a block copolymer. Suitable
comonomers include but are not limited to vinyl, wherein
said vinyl may be optionally substituted by one or more
aliphatic or aromatic substituents, for example selected
from the list consisting of methyl, ethyl, propyl, butyl, and
phenyl.
In particular embodiments, the polystyrene comprises at
least 75, 80, or 90 w% of styrene monomers. In particular
embodiments, the polystyrene is a homopolymer.

[0020] In particular embodiments, the semi-crystalline
polymer comprises P4MP. P4MP may be represented
by formula (II)

wherein n2 denotes the degree of polymerization. The
isobutyl group is pendant to the polymer backbone. The
P4MP polymer may be atactic, tactic or syndiotactic.
P4MP may be prepared by methods well known in the
art, for example as described by Zambelli et al. (Macro-
molecules 1989, 22, 2126-2128) and Lopez et al. (J. Mac-
romol. Sci., Polym. Rev. 1992, 32, 301-406).
With P4MP herein it is meant a P4MP comprising at least
50w% of 4-methyl-1-pentene monomers. The P4MP may
comprise up to 50 w% of comonomers. In embodiments
wherein the P4MP is a copolymer, the copolymer pref-
erably is a block copolymer. Suitable comonomers in-
clude but are not limited to 1-pentene and vinyl, wherein
said vinyl may be optionally substituted by one or more
aliphatic or aromatic substituents, for example selected
from the list consisting of methyl, ethyl, propyl, butyl, and
phenyl. In particular embodiments, the P4MP comprises
at least 75, 80, or 90 w% of 4-methyl-1-pentene mono-
mers. In particular embodiments, the P4MP is a homopol-
ymer.
In particular embodiments, the semi-crystalline polymer
comprises s-PpMS. s-PpMS may be represented by for-
mula (III)

wherein n3 denotes the degree of polymerization. In syn-
diotactic PpMS, the p-methylphenyl groups which are
pendent from the polymer backbone alternate with re-
spect to which side of the polymer backbone the phenyl
group is pendent. In other words, every other p-methyl-
phenyl group is on the same side of the polymer back-
bone. In contrast, standard PpMS is referred to as atactic,
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meaning it has no stereoregularity; the placement of the
p-methylphenyl groups with respect to each side of the
polymer backbone is random, irregular, and follows no
pattern. Syndiotactic PpMS may be prepared by methods
well known in the art, for example as described by Grassi
et al. (Macromolecules 1989, 22, 104-108).
The term "syndiotactic PpMS" or "s-PpMS" as used here-
in includes PpMS in which syndiotactic stereoregularity
predominates. More particularly syndiotactic PpMS as
refers to PpMS having a stereoregular structure of great-
er than 50 percent syndiotacticity as determined by 13C
NMR in terms of a racemic diad. In particular embodi-
ments, the syndiotactic PpMS has a syndiotacticity of at
least 75%, and preferably at least 85%, as determined
by 13C NMR in terms of a racemic diad. In certain em-
bodiments, the syndiotactic PpMS has a syndiotacticity
of at least 30%, and preferably at least 50%, as deter-
mined by 13C NMR in terms of a racemic pentad.
With PpMS herein it is meant a PpMS comprising at least
50w% of p-methylstyrene monomers. In embodiments
wherein the PpMS is a copolymer, the copolymer pref-
erably is a block copolymer. The PpMS may comprise
up to 50 w% of comonomers. Suitable comonomers in-
clude but are not limited to vinyl, wherein said vinyl may
be optionally substituted by one or more aliphatic or ar-
omatic substituents, for example selected from the list
consisting of methyl, ethyl, propyl, butyl, and phenyl.
In particular embodiments, the PpMS comprises at least
75, 80, or 90 w% of p-methylstyrene monomers. In par-
ticular embodiments, the PpMS is a homopolymer.
[0021] The end groups of the backbone chain of the
polymer, for example the polymers represented by for-
mula (I) or (II), may depend on the kinds of monomers
used for synthesis and on the kind of polymerization. In
particular embodiments, the end groups are selected
from hydrogen and halo (Cl, Br, F, or I).
[0022] The selected semi-crystalline polymer(s) may
optionally contain small amounts of inert compounds, in-
hibitors, stabilizers, or other additives which do not sig-
nificantly affect the crystallinity and density of the crys-
talline and amorphous phases of the polymer. Preferably
the presence of these minor impurities in the polymer(s)
is less than 10 weight percent, more preferably less than
5 weight percent, and most preferably less than 1 weight
percent.
[0023] In particular embodiments, the one or more
semi-crystalline polymer(s) have an average molecular
weight of at least 10,000 g/mol. In preferred embodi-
ments, the average weight of the semi-crystalline poly-
mer(s) is between 10,000 g/mol and 500,000 g/mol.
[0024] Step ii) of the method described herein com-
prises manufacturing the 3D object from a powder by
selective sintering, wherein said powder comprises the
semi-crystalline polymer(s) selected in step i).
[0025] Methods for manufacturing an object from a
powder by selective sintering are well known in the art.
Generally these methods allow the layer-by-layer fabri-
cation of 3D objects directly starting from computer gen-

erated CAD files. The objects are typically digitally divid-
ed into a stack of successive layers that represents the
3D object as closely as possible. The object itself is then
manufactured according to the computer generated lay-
ers in a selective sintering device. Exemplary devices for
performing selective sintering are described in docu-
ments EP 2 272 899, EP 1 787 789, and DE 10 2007 024
469.
In the selective sintering device, first a layer of powder
is deposited over a manufacturing area (e.g. the bottom
of a container which is open at the top). The powder de-
posited onto the manufacturing area is also referred to
as "powder bed". Then, the sections of the powder layer
that are part of the object to be constructed are typically
irradiated with electromagnetic radiation, thereby caus-
ing heating and (partial) melting of the particles. After
irradiation, the (partially or completely) molten polymer
cools down, resulting in sintering, i.e. coalescing and so-
lidification of the powder in the irradiated areas. Upon
completion of this layer a new layer of powder is depos-
ited and the process is repeated until the object is com-
pletely finished. In particular embodiments, new layers
may be added before (complete) solidification of the mol-
ten polymer in the previous layer(s). Then the solidified
object can be removed from the unsintered powder and
may optionally be processed further. Thus, in particular
embodiments, successive layers of the object to be
formed from the powder are subsequently solidified at
positions corresponding to the cross section of the object.
In particular embodiments, the method described herein
comprising the steps of:

A) depositing a layer of the powder over a manufac-
turing area;
B) (temporarily) exposing at least part of said man-
ufacturing area to electromagnetic radiation at posi-
tions corresponding to the cross section of the object
based on a computer-generated CAD file of the ob-
ject, thereby forming a lamina of said object; and
C) successively repeating steps a) and b) until the
object has been manufactured.

In particular embodiments, the electromagnetic radiation
is provided by a laser. Selective sintering using a laser
is also known as selective laser sintering (SLS). In certain
embodiments, the laser is a high power laser, such as a
carbon dioxide laser. However, it is also envisaged that
the electromagnetic radiation may be provided by other
sources. For example, instead of using a laser, other sys-
tems to selectively deliver electromagnetic radiation
could be used, such as, e.g., mask exposure systems or
the like.
[0026] In particular embodiments, the temperature of
the powder bed is kept below but close to the melting
point of the semi-crystalline polymer contained in the
powder. This may reduce the energy gap to be bridged
with the electromagnetic radiation energy, and may en-
hance the connection between successive layers. In cer-
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tain embodiments, the temperature of the powder is not
lower than 20°C below the melting point of the polymer
contained in the powder. In certain embodiments, the
temperature of the powder bed is at least 5°C above the
glass transition temperature of the polymer, but below
the melting point. The initial cooling rate of the powder
immediately after laser irradiation typically depends on
the difference between the melting point of the powder
and the powder bed, and may for example range between
5 and 25 °C per minute. Further cooling of the (solidified)
powder may occur more slowly, e.g. at a rate of 0.5 to 2
°C per hour.
[0027] In particular embodiments, the powder compris-
es one or more semi-crystalline polymers selected from
the list consisting of sPS, P4MP, and s-PpMS.
[0028] In particular embodiments, the powder used in
the methods described herein may comprise other ma-
terials in addition to the semi-crystalline polymer(s). In
particular embodiments, the other materials comprise
one or more materials selected from the list consisting
of glass, a metal, and a ceramic. In certain embodiments,
these additional materials may provide an improved stiff-
ness to the object. In preferred embodiments, the powder
comprises at least 30 w% of one or more semi-crystalline
polymers as described herein. In particular embodi-
ments, the powder comprises at least 40, 50, 60, 70, 80,
or 90 w% of one or more semi-crystalline polymers as
described herein.
[0029] In particular embodiments, the powder is a
blend, i.e. a mixture of two or more types of particles. In
certain embodiments, the powder may comprise parti-
cles comprising one or more semi-crystalline polymers
as described herein, in admixture with particles compris-
ing one or more materials selected from the list consisting
of glass, a metal (such as steel, aluminum, titanium, etc.),
and a ceramic. Preferably, the particles comprising the
semi-crystalline polymer(s) have a lower melting point
than the other particles in the blend.
[0030] In certain embodiments, the powder is a com-
posite powder, i.e. a powder comprising particles consist
of two or more distinct materials joined together. In certain
embodiments, the composite powder may comprise
coated particles. Typically, the outer coating of the par-
ticles comprises one or more semi-crystalline polymers
as described herein. In certain embodiments, the particle
core may comprise one or more material selected from
glass, a ceramic, and a metal (such as steel, aluminum,
titanium, etc.). The material forming the core typically has
a higher melting point than the semi-crystalline poly-
mer(s). The electromagnetic radiation used in the selec-
tive sintering process then typically melts only the outer
surface of the particles, fusing the solid non-melted cores
to each other and to the previous layer.
It is also envisaged that in particular embodiments, the
powder is not a blend, and not a composite powder. In
particular embodiments, the powder may be a single-
component powder, wherein the single component is or
comprises a semi-crystalline polymer as described here-

in.
[0031] The particles contained in the powder used in
the method described herein typically have an average
size ranging between 10 and 200 mm, preferably be-
tween 20 and 100 mm. The dimensions of the particles
are typically equal to or lower than the thickness of the
individual powder layers in the powder bed. In particular
embodiments, at least 50% of the particles have a size
below 60 mm. In certain embodiments, at least 60% of
the particles have a size below 90 mm. The particle size
can be determined via laser diffraction, or via microscopy
methods such as Scanning Electron Microscopy or
Transmission Electron Microscopy.
[0032] Further provided herein is a 3D object obtaina-
ble by the method described herein. In particular embod-
iments, provided herein is a 3D object obtained by se-
lective sintering of a powder, wherein said object com-
prises at least 10 w% of one or more semi-crystalline
polymer wherein the density of said polymer(s) the crys-
talline phase is lower than the density of the amorphous
phase. In further embodiments, the object comprises at
least 20, 30, 40, 50 w% or more of said polymer(s). In
particular embodiments, the object comprises between
10 and 70 w% of said polymer(s). In particular embodi-
ments, said polymer is selected from the list consisting
of sPS, P4MP and s-PpMS.
The final degree of crystallinity of the semi-crystalline pol-
ymer comprised by the object may differ from the initial
degree of crystallinity of the polymer powder prior to man-
ufacturing of said object. The final degree of crystallinity
may be lower or higher than the initial degree of crystal-
linity.
[0033] Thus also provided herein is the use of a powder
in the manufacture of a 3D object by means of selective
sintering, wherein said powder comprises at least 30 w%,
preferably at least 50 w%, of one or more semi-crystalline
polymers wherein the density of the crystalline phase of
said polymer(s) is equal to or lower than the density of
the amorphous phase. In particular embodiments, said
one or more polymers are selected from the list consisting
of sPS, P4MP and s-PpMS.
[0034] Further provided herein are methods for man-
ufacturing an object from a powder by selective sintering,
characterized in that said powder comprises a semi-
crystalline polymer wherein the density of the crystalline
phase is lower than the density of the amorphous phase.

Claims

1. A method for manufacturing an object by selective
sintering of a powder, said method comprising:

i) selecting at least one semi-crystalline poly-
mer, wherein the density of the crystalline phase
of said polymer is equal to or lower than the den-
sity of the amorphous phase of said polymer up-
on crystallization; and
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ii) manufacturing said object from a powder by
selective sintering, wherein said powder com-
prises said semi-crystalline polymer selected in
step i).

2. The method according to claim 1, wherein the
change in density upon crystallization of said at least
one semi-crystalline polymer compensates at least
part of the change in specific volume or density of
said polymer upon cooling.

3. The method according to claim 1 or 2, wherein step
i) comprises:

ia) identifying the change in specific volume or
density of one or more polymers upon crystalli-
zation; and
ib) selecting at least one semi-crystalline poly-
mer based on the information obtained in steps
ia), wherein the density of the crystalline phase
of said at least one polymer is equal to or lower
than the density of the amorphous phase of said
polymer upon crystallization.

4. The method according to any one of claims 1 to 3,
wherein said semi-crystalline polymer is a polymer
selected from the list consisting of syndiotactic pol-
ystyrene, poly(4-methyl-1-pentene), and syndiotac-
tic poly(p-methylstyrene).

5. The method according to any one of claims 1 to 4,
wherein said powder comprises at least 30 w% of
said semi-crystalline polymer.

6. The method according to any one of claims 1 to 5,
wherein the degree of crystallinity of said semi-crys-
talline polymer is between 50 and 80%.

7. The method according to any one of claims 1 to 6,
wherein said powder is a composite powder.

8. A three-dimensional object obtainable by selective
sintering of a powder, wherein said object comprises
at least 30 w% of a semi-crystalline polymer wherein
the density of the crystalline phase is lower than the
density of the amorphous phase.

9. The three-dimensional object according to claim 8,
wherein said polymer comprises a polymer selected
from the list consisting of syndiotactic polystyrene
and poly(4-methyl-1-pentene), and syndiotactic po-
ly(p-methylstyrene).

10. The use of a powder in the manufacture of a 3D
object by means of selective sintering of said pow-
der, wherein at least 30 w% of said powder is a semi-
crystalline polymer wherein the density of the crys-
talline phase is lower than the density of the amor-

phous phase.

11. The use according to claim 10, wherein said semi-
crystalline polymer comprises a polymer selected
from the list consisting of syndiotactic polystyrene,
poly(4-methyl-1-pentene), and syndiotactic poly(p-
methylstyrene).

12. A method for manufacturing an object from a powder
by selective sintering of a powder, characterized in
that said powder comprises a semi-crystalline poly-
mer wherein the density of the crystalline phase is
lower than the density of the amorphous phase.

13. The method according to claim 12, wherein said
semi-crystalline polymer is a polymer selected from
the list consisting of syndiotactic polystyrene, and
poly(4-methyl-1-pentene), and syndiotactic poly(p-
methylstyrene).

14. The method according to claim 12 or 13, wherein
said powder comprises at least 30 w% of said semi-
crystalline polymer.

15. The method according to any one of claims 12 to 14,
wherein the degree of crystallinity of said semi-crys-
talline polymer is between 50 and 80%.
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